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We study the production of neutrons in the corona of an accreting black hole through the
interaction of locally accelerated protons with matter and radiation. A fraction of these
neutrons may escape and penetrate into the base of the jet, later decaying into protons.
This is a possible mechanism for loading Poynting-dominated outﬂows with baryons.
We characterize the spatial and energy distribution of neutrons in the corona and
that of the protons injected in the jet by neutron decay. We assess the contribution of
these protons to the radiative spectrum of the jet. We also investigate the fate of the
neutrons that escape the corona into the external medium.
Keywords: X-ray binaries; radiation mechanisms: non-thermal; astrophysical jets.
PACS Numbers: 97.80.Jp, 97.10.Gz, 95.30.Cq
1. Introduction
The composition of relativistic outﬂows is presently uncertain. Radio synchrotron
emission positively discloses the presence of (non-thermal) electrons/positrons in
relativistic jets. Only for two system (the microquasars SS 433 and 4U1630-47, see
Refs. 1 and 2) there exists direct evidence that the jets contain baryons — namely
iron nuclei — too. Jets with a high content of baryons should carry a large amount
of kinetic energy. The baryonic component of jets, however, may remain “dark” and
thus undetected if the baryons cannot be accelerated or do not ﬁnd suitable targets
to interact and radiate eﬃciently.
∗This is an Open Access article published by World Scientiﬁc Publishing Company. It is distributed
under the terms of the Creative Commons Attribution 3.0 (CC-BY) License. Further distribution
of this work is permitted, provided the original work is properly cited.
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The problem of baryon loading of relativistic jets is related both to the origin
of the jets and their interaction with the external medium. It is expected that disk-
driven outﬂows contain protons and heavier nuclei since they are fed directly from
the accretion ﬂow. Jets powered by the rotation of a black hole start basically as an
electromagnetic ﬂux but may get loaded with baryons by entrainment, for example
with matter from a slow outﬂow launched by the accretion disk or from the wind
of a companion star.3
Both in low-luminosity active galactic nuclei (AGN) and in X-ray binaries
(XRBs), observations support the existence of a very hot, advection-dominated and
radiatively ineﬃcient cloud of plasma around the compact object. In XRBs this
“corona” is postulated to be the emission site of the power-law hard X-ray spec-
trum observed during the low-hard state. The corona has been classically modeled as
a two-temperature ion-electron thermal plasma, although some models include also
non-thermal electrons or electron-positron pairs, see e.g. Refs. 4-6. More recently,
Refs. 7–9 have investigated the consequences of the injection of a population of
relativistic protons in the corona of black holes in XRBs. The emission in the MeV
band predicted by this model can reproduce very well that detected from Cygnus
X-1 by COMPTEL and INTEGRAL.12–14
The relativistic protons in the corona interact with thermal protons and with
radiation to produce pions. In some collisions the proton is converted into a neutron.
These energetic neutrons leave the source basically unaﬀected by energy losses and
propagate for long distances before decaying into a proton, an electron and a neu-
trino. The production and escape of neutrons in AGN has been studied before by
several authors, see e.g. Refs. 15–19. If a pair of jets is launched from the vicinities of
the black hole, a fraction of the neutrons will decay inside them. The charged prod-
ucts of the decay will get trapped by the magnetic ﬁeld and will be advected with
the outﬂows, thus loading them with protons (and electrons) with a non-thermal
energy distribution.
In this work we study the production of neutrons by hadronic interactions in the
magnetized corona of a XRB with jets (a microquasar). We calculate the spectrum
of neutrons inside the corona in steady state and show that they can escape almost
freely. We then compute the distribution in energy and space of neutrons outside
the corona, and those of the protons and electrons at the point where they are
created. We estimate the high-energy emission from the protons injected inside the
jets in the case they interact with a dense clump in the wind of the companion
star. Finally, we discuss the characteristics of the radio emission expected from the
electrons injected far from the corona.
2. Basics of the Model and Results
The corona model we adopt is described in detail in Refs. 7–9. We consider a
spherical and homogeneous corona around a black hole of 15M (similar to that
in Cygnus X-1). The radius of the hot cloud is Rc = 35Rgrav and its bolometric
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luminosity Lc = 0.01LEdd ≈ 1037 erg s−1. The mean number density of thermal
protons and electrons in the corona is np,e ≈ 1013 cm−3 and the mean magnetic
ﬁeld strength Bc ≈ 105 G. Relativistic protons are accelerated in the corona by fast
magnetic reconnection. At injection the energy spectrum of relativistic protons is a
power-law Qp ∝ E−αp (in units of erg−1 cm−3 s−1) of index α = 2.2.a We calculate
the proton distribution Np(Ep) (in units of erg−1 cm−3) in steady state solving a
set of coupled transport equations that include energy losses, escape and injection.
The relativistic protons interact with the thermal protons, the photon ﬁeld
from the accretion disk (that we model as a blackbody), the non-thermal radia-
tion produced by the relativistic particles, and the Comptonization radiation ﬁeld
of the corona. The latter is the most important; we parametrize it as nph ∝
E−βph exp (−Eph/E0) with β = 1.6 and E0 = 150 keV. Proton-proton (pp) and
proton-photon (pγ) collisions produce neutrons through the reactions
p + p→ p + n + π+ + aπ0 + b(π+ + π) ,
p + p→ n + n + 2π+ + aπ0 + b(π+ + π) ,
p + γ → n + π+ + aπ0 + b(π+ + π),
(1)
where a, b are integers. For the neutron injection functions we use the parametriza-
tions given in Refs. 15–18; the results are plotted in the left panel of Fig. 1. The
total power injected in neutrons inside the corona is Ln ≈ 6 × 1035 erg s−1. The
right panel of Fig. 1 shows the cooling rates for neutrons by collisions with protons
and photons, the decay rate, and the inverse of the corona crossing time. The escape
time is the shortest for all energies considered, so we assume that neutrons leave
the corona without losing energy.
Fig. 1. Left: neutron injection function inside the corona. Right: neutron cooling, escape, and
decay rates in the corona.
aThe allowed range of values of the spectral index of particles accelerated via a Fermi I-type
mechanism at magnetic reconnection sites in an open issue; see e.g. Refs. 10 and 11.
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Fig. 2. Left: spectrum of protons injected by decay of neutrons as a function of energy and
distance to the black hole. Right: the same but for electrons.
Outside the corona the steady-state distribution of neutrons in energy and space
is Nn(En, r) ∝ r−2 exp (−r/rτ ), where rτ = τnvn, and τ(En) and vn(En) are the
mean lifetime and the velocity ﬁeld of the neutrons, respectively. When decaying
each neutron injects a proton, an electron and a neutrino, n→ p + e− + ν¯e. The
proton takes ∼ 99.9% of the energy of the neutron, so we can approximate the
proton injection function as Qn→pp (Ep, r) ≈ Nn(En, r)/τ(En) with Ep = 0.999En.
We calculated the injection rate of electrons Qn→ee as in Ref. 21. Figure 2 shows the
distribution in energy and space of protons and electrons. The total power injected
in protons is  1035 erg s−1 whereas the power in electrons is ∼ 1030 erg s−1.
Most of these particles are created in a region of the size of the binary system,
r  1012−13 cm.
A fraction of the neutrons will decay inside the jet loading it with charged
particles; here we will be interested in the fate of the protons. To characterize the
jet we applied the model developed in Refs. 23 and 24. Two conical jets are launched
at a distance of 50Rgrav from the black hole with a half opening angle ∼ 6◦. For
this geometry, the decay of neutrons along the jets injects a total power ∼ 1034
erg s−1 in protons. The protons may interact with a clump from the wind of a
massive companion star that penetrates the jet, producing gamma rays by neutral
pion decays from pp collisions.25 We estimate the gamma-ray spectrum for diﬀerent
combinations of the size and density of the clump and its position along the jet.
The results are shown in Fig. 3.
Electrons injected within the binary system interact with the magnetic ﬁeld
and the radiation ﬁeld of the companion star. For typical values of a massive star,
B ∼ 100 G and T∗ ∼ 104 K, the cooling times are very long and the electrons
diﬀuse far from the site where they were created. A detailed calculation of the
radiative spectrum of the electrons and of the morphology of the emission region
must be carried out accounting for propagation eﬀects as done in Ref. 22. As a
zeroth-order estimate, however, we expect the formation of a “nebula” of radio
synchrotron emission at∼GHz frequencies. If most of the power injected in electrons
1460191-4
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Fig. 3. Gamma-ray emission from pp collisions in jet-clump interactions, for diﬀerent values of
the clump radius Rclump, density nclump, and distance to the black hole zclump.
were radiated through this channel, the nebula would be detectable at the level of
the mJy at 1 GHz for a source located at ∼ 2 kpc.
3. Discussion and Perspectives
We have studied the production of neutrons in the corona around an accreting
black hole and the injection of protons and electrons from neutron decay outside
the source. In a system with jets, this is a way of loading the outﬂows with baryons
independently of the launching mechanism. Although we have applied the model
to XRBs, it is straightforward to extend it to AGN. Protons injected in the jets
will produce gamma rays if they can interact with a dense target such as a clump
from the wind of the companion star. Although the expected hadronic luminosity
is only  1032 erg s−1, the added contribution of several of these events may give
rise to weak ﬂaring emission at GeV energies, as has been observed in Cygnus X-
1.26 The interaction of these protons with other targets, such as the stellar wind
or a molecular cloud, remains to be investigated. The cooling of electrons injected
outside the corona may create a detectable radio nebula at scales of the size of the
binary system. The detailed structure and emissivity of the nebula will be addressed
in a forthcoming work.
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